Gao et al (2005 Phys. Rev. A 72 032721) have predicted a Young's type interference effect in the fully differential cross sections for ionization of the 3σ g state of N 2 for highly asymmetric collisions with one electron detector fixed at very small scattering angles (1 • or 10 • ). The purpose of this work was to look for this interference effect at a larger scattering angle. (e, 2e) ionization measurements have been conducted from the 3σ g and 2σ * u states of N 2 in a coplanar asymmetric geometry, where one electron emerges in the forward direction and the correlated electron is measured as a function of scattering angle. Both final-state electrons have an energy of 30 eV, and the forward scattering angle was θ a = 22
* u states of N 2 in a coplanar asymmetric geometry, where one electron emerges in the forward direction and the correlated electron is measured as a function of scattering angle. Both final-state electrons have an energy of 30 eV, and the forward scattering angle was θ a = 22
• relative to the incident beam direction. The theoretical prediction is that there should be a strong interference peak near 180
• . The measurements were carried out from the 3σ g state over a range of scattering angles from θ b ∼ 10
• to θ b ∼ 170
• using a magnetic angle changing spectrometer. The present experimental results for 3σ g find a normal binary peak plus another peak at back angles in the vicinity of 180
• . Consequently, this work supports the possibility of a strong Young's type interference effect for small fixed scattering angles.
(Some figures in this article are in colour only in the electronic version)
Introduction
Considerable interest has been generated recently in the possibility of measuring the effects of two-centre interferences in the charged particle impact ionization of diatomic molecules. To date, most of the work has concentrated on ionization by heavy particles [1] [2] [3] [4] . If diatomic molecules exhibit double slit interference effects, the important question concerns how these effects can be observed. Most of the work so far has concentrated on comparing ionization cross sections for diatomic molecules and comparable atoms. For example, it has been shown [5] that the ratio of the FDCS (fully differential cross sections) for molecular hydrogen divided by the cross section for two distinguishable hydrogen atoms is related to the sinc function whose argument is qR (momentum transfer times internuclear separation). If one integrates over θ (projectile scattering angle), the oscillatory nature of the sinc function translates into an oscillatory energy dependence for the double differential cross sections. The search for interference effects in heavy particle scattering has concentrated on looking for these energydependent oscillations in the DDCS (doubly differential cross sections) [6] [7] [8] . If interference effects can be seen in the DDCS, then they should be more easily observable in the FDCS. For the FDCS, the sinc function modifies the shape of the angular distributions. The typical coplanar asymmetric FDCS contains a large binary peak and a smaller recoil peak and the (recoil peak)/(binary peak) ratio is one way to characterize the shape of the distribution. Consequently, if interference effects are present, this ratio should be different for molecular hydrogen as compared to two distinguishable hydrogen atoms. Although Murray [9] found no evidence for interference effects in the FDCS for electron-impact ionization of H 2 for coplanar symmetric scattering, Milne-Brownlie et al [10] recently found a strong indication for interference effects in electron-impact ionization of H 2 for coplanar asymmetric scattering. If interference effects are observable in the FDCS for electron H 2 scattering, they might be even more pronounced for heavier diatomic molecules. Recently, Gao et al [11] predicted that large Young's type interference effects should be observable for electron ionization of the 3σ g state of N 2 . The M3DW (molecular three-body distorted wave) calculations at an incident energy of 75.6 eV predict that large peaks should be observed in the backward scattering direction, these peaks dominating the ionization process. Their results indicate that for a coplanar asymmetric geometry (see figure 1) where one of the electrons leaves the interaction region at a set angle θ a = 1
• or θ a = 10 • , the cross section is expected to peak at a scattering angle θ b = 180
• , with additional peaks at around θ b = 120
• and θ b = 240
• . In these calculations, the electrons leave the interaction region with equal energy of 30 eV.
The strong interference effects predicted at this energy should be observable by experiment, although it is very difficult in practice to measure the cross section for such small angles θ a at these energies. The (e, 2e) spectrometer in Manchester [12, 13] is able to access a wide range of scattering geometries at low energies, and so provides an ideal test bed for a close comparison between theoretical predictions and experimental data. In practice, the spectrometer cannot access scattering geometries below θ a = 22
• , due to problems with the incident electron beam striking the side of the analyser and causing unacceptably high levels of noise on the coincidence signal.
To harmonize the theoretical predictions with the experimental limitations, new calculations have therefore been performed for the same incident energy of 75.6 eV, with the scattered angle θ a now set to 22
• . This allows a robust comparison between theory and experiment, although this comparison is on a relative scale, as absolute experimental cross sections are not measured. The spectrometer has also been modified to include a magnetic angle changing (MAC) device, so that the cross section can be determined over a wider angular range than is possible directly. Inclusion of the MAC device allowed the cross sections to be determined from θ b near 0
• , so that theoretical predictions of peaks at higher angles could be investigated.
This paper is divided into five sections. Following this introduction, the experimental apparatus and the installation and characterization of the MAC device in the (e, 2e) spectrometer are described. The theoretical calculations are then discussed in section 3, and the predicted cross section for θ a = 22
• is presented using the M3DW approximation. Section 4 compares experimental results to theory for the 3σ g state. All data were collected for equal outgoing electron energies of 30 eV. The last section contains conclusions and suggestions for future work in this area.
Experimental setup
The (e, 2e) spectrometer at Manchester has been well documented [12] [13] [14] [15] [16] , and so will only be described briefly here. The apparatus can be fully computer optimized and controlled throughout data collection, so that the analysers and electron gun are maintained at their optimum operating conditions. The spectrometer can access all geometries from the coplanar geometry to the perpendicular plane, although this facility was not used here. The spectrometer is designed to operate at low to intermediate energies, ranging from around 10 eV to 300 eV incident energy, whereas the analysers are capable of operating over a range of energies from ∼0.5 eV to around 100 eV, depending on the setting of the input electrostatic lenses.
Modifications have been made to the spectrometer that allow access to higher scattering angles than were possible previously. In particular, the electron gun has been rebuilt so that the maximum backward scattering angles are increased from θ a,b = 125
• to θ a,b = 140 • . A further modification has been the inclusion of a vacuum compatible XY-translator to adjust the position of the electron gun accurately [17] , together with a permanently mounted laser diode which traces the direction of the incident electron beam through the interaction region. These additions simplify the alignment of the spectrometer over the angular geometry which can be accessed.
The most significant addition for the present work has been the installation of a magnetic angle changing (MAC) device into the spectrometer. This device uses a well-controlled magnetic field to manipulate the direction of the incident and scattered electrons through the interaction region so as to increase the available angles where the cross section can be measured. The MAC device was invented in Manchester and has proven to be a very useful tool for the determination of angular measurements over the full scattering range [18, 19] .
In the version adopted here, a twin coil MAC device with a gap spacing of 6.5 mm has been installed into the (e, 2e) spectrometer so that the field in the centre of the coils is non-zero. Figure 2 shows the axial magnetic field from these coils as a function of the radial distance from the interaction region, calculated using the CPO-3D programme [20] . As can be seen, the field peaks at the interaction region and passes through zero at a radial distance of 10 mm before finally decaying to zero at a distance of 25 mm from the interaction region. Since the entrance to the analysers is 35 mm from the interaction region, the MAC device ensures that the trajectories of the electrons remain unaffected by the B-field once the electrons have entered the analyser input lenses. After installation of the MAC device into the (e, 2e) spectrometer, the B-field from the coils was measured using a sensitive Bartington magnetometer [21] , and this confirmed that this field was zero at the required radial distance. Measurements were conducted for a series of different coil currents to establish the relative currents between the coils so that the field remained zero at the analyser entrance.
To calibrate the relative deflection angle of the electrons which pass through the interaction region between the coils in the MAC device, experiments were performed which measured the elastic cross section from argon at different incident energies. Argon is a useful target for these studies, as deep minima appear in the cross section which can easily be identified. An example of the effects of the MAC device on the argon signal is shown in figure 3 for an incident electron energy of 75.6 eV. Figure 3 (a) shows the results from analysers 1 and 2 (see figure 1 ) when no magnetic field is applied, plotted on a logarithmic scale. A deep minimum is seen at a scattering angle of 63.5
• ± 2 • at this energy. When a current of 700 mA is passed through the inner coil and -290 mA passed through the outer coil (as set from the field calibration studies), the electrons in each analyser appear to separate in relative angle, as shown in figure 3(b) . For analyser 1, the dip moves away to 81
• ± 2 • , whereas for analyser 2 the dip moves closer to 46
• ± 2 • . A second minimum is also seen for this analyser at 116 • ± 2
• , which could not be observed in the direct signal shown in figure 3(a) . The separation occurs since the analysers observe the electrons on opposite sides of the incident beam, and so the resultant force pushes one electron away from the forward direction while moving the second electron towards the forward direction. Since the scattering process that is observed is elastic, the force is equal for both incident and scattered electrons and so the total deflection angle is the same for both ingoing and outgoing electrons.
From these results, the total shift in angle of the electrons passing into the MAC device is seen to be ∼17.5
• for both analysers. This averages to a deflection angle of the 75.6 eV electrons at this MAC current of 2θ 75.6 eV defl = 17.5
• ± 2.8
• . Similar measurements were carried out for a range of incident beam energies from 20 eV to 100 eV, so that a fit to the data as a function of energy could be implemented. The results of this analysis are shown in figure 4 , where a simple linear function is fitted to the data which has been constrained to zero at high incident energies. The curve that was adopted is of the form
where for these MAC currents (700 mA, -290 mA) the constants are given by α = −0.07 ± 0.01 and β = 73.9 ± 1.3. The data presented in figure 4 allow the deflection angle to be determined as a function of energy for this coil current, and so the expected deflection angle for 30 eV electrons is 13.5
• ± 2
• . Further data were taken using differing coil currents to determine the effect of the B-field on deflection angle at energies of 75.6 eV and 30 eV, which correspond to the incident and scattered electron energies used in this study. This was carried out to calibrate the MAC device as a function of current, so as to check that the device was operating as expected. The data presented in this paper were taken at operating currents of (700 mA, −290 mA), the scattering angles using the MAC device being matched to those adopted when the coil current was zero, with an angular uncertainty around ±2
• .
Experimental results
Three sets of data were collected in these experiments. The first was collected from the 3σ g state of N 2 which has an ionization potential of 15.6 eV, without the MAC device in operation. These data were collected with θ a = 22
• and with θ b ranging from 30
• to 140
• , as shown in figure 5 . Thirteen sweeps of the detection plane were carried out over this range of angles, the final results being derived by averaging over the full set of data. A distinct forward scatter peak is seen when θ b = 45
• , there is a small peak around θ b = 85
• and a minimum at θ b = 115 • . The cross section once more increases up to θ b = 140
• , at which point the analyser angle could no longer be increased due to the presence of the electron gun. The uncertainty in the data is taken from the statistical error on the mean, and the data have been normalized to unity at θ b = 45
• . The second set of data which was taken extended the angular results presented in figure 5 using the MAC B-field, as shown in figure 6 . Using this technique, the range of angles has been extended from θ b = 10
• to θ b = 170
• . The data are once more normalized at θ b = 45 • , to allow comparison with figure 5. Again, there is a peak at θ b = 45
• , a second peak at θ b ∼ 85
• and a minimum at θ b ∼ 115
• . The results at higher angles now show that a third peak occurs at θ b ∼ 160
• , which could not be seen using the conventional (e, 2e) technique. The cross section has a minimum close to zero at θ b ∼ 0
• , whereas the cross section at θ b ∼ 180
• is around 40% of the maximum at θ b = 45
• . Unlike coplanar symmetric results, there is no constraint on the cross section that requires it to be zero at θ b = 0
• and θ b = 180
• . Although the results using the MAC device are very similar to those collected without the B-field present, small differences can be seen. In particular, the minimum at θ b ∼ 115
• is not as deep as when the field is absent, and there is a slight enhancement of the cross section for scattering angles from 125
• . This is thought to be due to the uncertainty in determining the scattering angles which arise when using this device. In particular, small variations in the forward scattering angle θ a will give rise to changes in the measured cross section, and it is likely that this variation contributes to the differences that are observed. The poorer statistical uncertainty in the data presented in figure 6 is due to a restricted set of results, which arose since one of the analyser electron detectors failed during data collection.
The results for the 3σ g state of N 2 can be compared to results from the 2σ * u state at the same collection energy E a = E b = 30 eV, as presented in figure 7 . In this case, the ionization energy is 18.7 eV, and so the electron gun was set to E inc = 78.7 eV during data collection. This state is also of σ character, however in contrast to the 3σ g valence state, it is a repulsive state with no minimum in the potential energy curve. As such, the electrons in this state are expected to be more confined to a region around the ionic core of the molecule, and so should present a better target for future two-centre interference studies.
The experimental data from this state are however similar to those from the 3σ g state, as shown in figure 7 . There is again a maximum in the cross section at forward angles, however this now occurs at θ b ∼ 60
• . The peak is broader than for the 3σ g state, and no secondary peak is observed. The minimum in the cross section now occurs at θ b ∼ 90
• , and the cross section once more rises beyond this angle where it is seen to plateau at θ b ∼ 120
• . No data were taken from this state using the MAC device due to the failure of the analyser detector, as mentioned above. There is no evidence of large two-centre interference structures in these data.
Theory
The molecular three-body distorted wave (M3DW) approximation has been presented in previous publications [22] [23] [24] [25] [26] , so only a brief overview will be presented here. The M3DW FDCS (fully differential cross section) is given by
where k i is the initial-state wave vector, k a ( k b ) is the wave vector for the scattered (ejected) electron, and the direct and exchange amplitudes are T dir and T exch , respectively:
In equations (3) and (4), r 1 (r 2 ) are the coordinates of the incident (bound) electron, χ i , χ a and χ b are the distorted waves for the incident, scattered and ejected electrons, respectively, φ OA j is the orientation-averaged molecular orbital (OAMO) [25] for the initial bound state of the molecule generated from molecular orbitals calculated using GAMESS [27] , V is the initialstate interaction between the projectile and the neutral molecule, and U i is the initial-state spherically symmetric distorting potential which is used to calculate the initial-state distorted wave χ i . The C scat−eject term is the Coulomb interaction between the scattered projectile and the ejected electron. Since this post-collision interaction (PCI) term is included in the final-state wavefunction, the effects of PCI are included to all orders of perturbation theory. The molecular distorted waves are calculated using a spherically averaged distorting potential as described in previous works [22] [23] [24] [25] [26] . The Schrödinger equation for the incoming electron wavefunction is given by
where T is the kinetic energy operator and the '+' superscript on χ + i ( k i , r) indicates outgoing wave boundary conditions. The initial-state distorting potential contains three components U i = U S + U E + U P , where U S is the initial-state spherically symmetric static potential, U E (e, 2e) ionization measurements from the 3σ g and 2σ * u states of N 2 3953
is the exchange potential which treats the effect of the continuum electron exchanging with the passive bound electrons in the molecule and U P is the polarization potential. For the exchange potential U E , we use the Furness-McCarthy [28] approximation which has been widely used for atomic scattering. In this approximation, the exchange potential U E depends on the molecular charge density
Here ρ S (r) is the spherically averaged molecular electronic charge density. The radial charge density is defined such that the integral over r yields the number of electrons in the molecule. For the polarization potential U P , we use a phenomenological approximation
where α 0 is the dipole polarizability and a is an adjustable parameter that acts as a cut-off radius for the polarization potential. The dipole polarizability α 0 is 11.744 au for N 2 and admittedly a better approximation for polarization is also desirable [29] . However, this potential has been often used for molecular scattering and is known to provide at least the qualitative effects of polarization.
The two final channel distorted waves are obtained from a Schrödinger equation similar to equation (5):
Here U i is the spherically symmetric static distorting potential for the molecular ion which is calculated using the same procedure as U S except that the active electron is removed from the charge distribution. The '-' superscript indicates incoming wave boundary conditions.
Comparison between theory and experiment
For the standard coplanar symmetric scattering geometry where both final-state electrons have the same energy and are observed at the same angle on opposite sides of the incident beam direction, the direct and exchange amplitudes are identical, so only one amplitude needs to be evaluated. This is not the case for the present experiment since the equal energy electrons are observed at different angles. Consequently, it is of interest to examine the importance of the exchange amplitude. Figure 8 compares experimental and theoretical results for 75.6 eV electron-impact ionization of the 3σ g state of N 2 for the case of both final-state electrons having an energy of 30 eV, one of them being observed at a fixed scattering angle of 22
• and the second electron being detected on the opposite side of the beam direction over a wide range of angles. All the theoretical results are normalized to experiment at the binary peak (θ a ∼ 45
• ). In the top part of the figure, only the direct amplitude is used in the M3DW theoretical calculation and in the bottom part of the figure the M3DW results include both the direct and exchange amplitudes. Note that there are two different exchange effects included in the M3DW calculation. The exchange amplitude T exc contains the effect of exchange between the two final-state continuum electrons while the Furness-McCarthy exchange potential U E contains the effect of exchange between a continuum and a bound electron. Here we are examining the importance of exchange between the two final-state continuum electrons. Although exchange between the two outgoing electrons does not change the overall pattern of the FDCS very much, it does change the relative magnitudes of the peaks and valleys which is particularly • . It is clear that the exchange amplitude cannot be neglected for these kinematics.
For highly asymmetric collisions (i.e. θ a = 1 • or 10 • ), Gao et al [11] predicted a large interference peak near 180
• and a couple of sideband peaks around 80
• and 120
• . The present M3DW results still contain the large interference peak near 180
• . However, the two small interference sidebands found for highly asymmetric collisions are now greatly enhanced and the first one has evolved into the binary peak. The experimental data show no indication of the predicted second peak near 120
• . It is known that the polarization potential can play an important role in low-energy electron-impact collisions [22, 24, 25, 30] . Figure 9 shows the results of using the phenomenological polarization potential of equation (7) for three different cut-off parameters. Both the direct and exchange amplitudes were used in this calculation.
Comparing figures 8 and 9, it is seen that the agreement between experiment and theory is much improved by including the polarization potential. Again the theoretical results are normalized to unity at the experimental binary peak. For a cut-off parameter of 1.25a 0 , the agreement with experimental data is excellent out to about 100
• . Since the internuclei distance of N 2 is R = 2.07a 0 and the origin of our coordinate system is at the centre of mass, the minimum cut-off parameter we tried was a = 1.0a 0 , since this corresponds to the radius of the nuclei. It is seen that the polarization potential greatly reduces the relative sizes of the predicted peaks at larger angles as compared to the binary peak. For the smaller cut-off parameters, the second peak near 130
• becomes much less pronounced and there is an overall qualitative agreement with experiment for a = 1.0a 0 . The remnant of the large back angle interference peak predicted for highly asymmetric collisions is still present at about 185
• and, although the experimental data do not cover the range of the peak, it is possible that there will be a peak in the data somewhere in that angular range. Since a peak near 180
• would not be attributed to a recoil peak, the present measurements are at least consistent with the possibility of a Young's type interference peak in this angular range. In the simple model proposed by Gao et al [11] , the interference peak near 180
• was attributed to the active electron scattering from the two nuclei and the secondary peak near 130
• was attributed to a secondary sideband. Since the interference pattern results from the nuclei and not the molecular electrons, one would expect that the polarization potential should affect the magnitude but not the location of the peaks and this is what is found. However, since the magnitudes of the peaks are very sensitive to the polarization potential, a calculation with an improved potential is obviously highly desirable.
Comparison with the experimental results from the 2σ * u state (figure 7) was not attempted at this time, since it was not considered that the angle averaging procedure adopted in the present theory would be sufficiently accurate for this state.
Conclusions
Gao et al [11] predicted a strong Young's type interference effect for ionization of the 3σ g state of N 2 for highly asymmetric collisions with one electron detector fixed at small scattering angles (1 • or 10 • ). The purpose of this work was to look for this interference effect at a larger scattering angle of 22
• . For small scattering angles, it was predicted that there would be a large interference peak near 180
• . The present experimental results find a normal binary peak plus a smaller back angle peak in the vicinity of 180
• . When polarization is included in the M3DW calculation, the magnitude of the interference peak near 180
• is greatly reduced to approximately the size of the measured cross section. Consequently, this work supports the possibility of a strong Young's type interference effect for small fixed scattering angles. Although the present M3DW results are in qualitative agreement with experiment for the smallest cut-off parameters for the polarization potential, a calculation with an improved polarization potential is highly desirable.
As more data on the ionization of molecules become available, it is clear that significant improvements must be made to both experiment and theory to better understand this important ionization process. Deficiencies in the experiment include the use of rotationally hot molecules and the lack of pre-alignment of the molecular axis prior to ionization taking place. It is possible to perform experiments using supersonically cooled molecules which are all in the ground rotational state (J = 0), however it is more difficult to align and orient the molecules prior to ionization. This has been achieved for polar molecules [31] using high-power laser radiation coupled to electrostatic fields or by using hexapole fields [32] , however such approaches have not as yet been used in (e, 2e) ionization studies. Different methods are currently being considered for new experiments at Manchester.
